Abstract
Introduction
Temporary water deficit is an important factor affecting plant growth. In natural ecosystems, drought is very often correlated with a high photon fluence rate. Such conditions challenge the plants with two major problems. Firstly, water loss due to transpiration needs to be restricted. This can effectively be achieved by stomatal closure (Bradford and Hsiao, 1982) . The second problem originates in the reduced rate of CO 2 reduction during drought (Hsiao, 1973) : The absorption by water-stressed leaves of (surplus) radiant energy which cannot be used for CO 2 assimilation may result in an over-reduction of the photosynthetic electron transport chain and, subsequently, in photoinhibitory damage (Bjorkman and Powles, 1984; Ben et al, 1987; Boyer et al., 1987) . Mechanisms which potentially can dissipate the surplus radiant energy have evolved, e.g. an increase in the reassimilation of CO 2 produced within the leaf cells by photorespiration and/or the dissimilation of reserve compounds (Stuhlfauth et al., 1990) , pseudocyclic electron transport and non-photochemical fluorescence quenching in the light reactions (Scheuermann et al., 1991) .
The aurea mutant of tomato (Koornneef et al., 1981) has been characterized as a phytochrome-deficient mutant lacking spectrally detectable phytochrome A in etiolated cotyledons (Parks et al., 1987; Sharma et al., 1993) . Nevertheless, the aurea mutant is viable and fertile when grown in white light. However, mature leaves of aurea plants differ from those of the isogenic wild-type in possessing chloroplasts with a reduced number of thylakoid membranes (Koornneef et al., 1985) and containing about 40% less chlorophyll (Becker et al., 1992) . Nevertheless, the rate of net CO 2 uptake measured in air by leaves of the aurea mutant is similar to the rate of net photosynthesis of wild-type leaves in air (Becker et al., 1992) .
As a result of the reduced chlorophyll content, the leaves of the aurea mutant are yellow-green in colour (Lopez-Juez et al., 1990; Becker et al., 1992) . A larger portion of incoming irradiance is expected to be reflected by the yellow-green leaves of the aurea mutant than by the dark-green leaves of the wild-type. Therefore, it appears feasible that the rate of photosynthetic electron flux in the leaves of the aurea mutant may be lower than in the leaves of the wild type. The activation of photoprotective processes resulting in the dissipation of (surplus) radiant energy which cannot be used for CO 2 assimilation may, consequently, be delayed or operate at a lesser rate in water-stressed aurea leaves than in droughted wildtype leaves.
To examine this hypothesis, the responses of wild-type and aurea leaf photosynthesis to drought have been comparatively analysed. For that, the rates of net CO 2 uptake, transpiration, gross 16 O 2 evolution and 18 O 2 uptake, and the photochemical and non-photochemical chlorophyll fluorescence quenching by leaves of the wild type and of the aurea mutant of tomato in relation to both the photon fluence rate, and the leaf water potential have been measured.
Materials and methods

Plant material, cultivation and induction of water stress
Tomato (Lycopersicon esculentum L. cv. Moneymaker; Hild, Marbach, Germany) and tomato aurea mutant (W616 au w /au w ; Koornneef et al., 1985) plants were individually grown in 2.5 1 of a mixture of 10% sand and 90% garden soil (Type ED 73; Einheitserdenwerk Stangenberg, Hameln, Germany) in a growth chamber under white fluorescent lamps providing a photosynthetically active irradiance of 200 ^mol photons m~2 s~' for 18 h d" 1 . The temperature was 23 °C during the day and 19°C during the night. The relative humidity was maintained at 70% during the day/night cycle. The plants were supplied daily with a commercial nutrient solution (Flori 3, Planta DQngemittel, Regenstauf, Germany). The water potential of the leaves of 34-d-old control plants as measured with a pressure chamber (Scholander et al., 1965) was -0.4 MPa. When the irrigation had been stopped at 22, 26 or 30 d of growth, the leaf water potentials that were measured after 34 d of growth were approximately -1.7 MPa (defined as severe water stress in the ensuing discussion), -1.2 MPa (moderate water stress), or -0.9 MPa (weak water stress), respectively.
Measurement of light reflection by tomato leaves
For the measurement of the portion of the incoming irradiance that is reflected by tomato leaves, leaf segments were arranged on a black surface to give an area of c. 150 cm 2 . In a dark room, the leaf surface was exposed to actinic light with a fluence rate of 1000 ^mol photons m" 2 s" 1 . The light was transferred by fibre optics to the leaf surface at an angle of 90°. The distance between the light source and the leaf surface was 3.5 cm. The fluence rate of the reflected light was measured with a quantum sensor (Li-Cor, Lincoln, NE, USA) installed beside the light source.The validity of this approach to measure the portion of incoming irradiance that is reflected from a leaf surface was checked in preliminary experiments using black and white paper, and paper with different shades of green colour as the reflecting surface. These experiments included variation of the distance between the light source and the paper surface, and variation of the fluence rate of the light (data not shown).
CO 2 -and Hfi-gas exchange measurements
An open gas exchange system (Lawlor and Fock, 1975) was employed for the simultaneous measurement of both the CO 2 -and the H 2 O-gas exchange, and the chlorophyll fluorescence of attached tomato leaves at steady-state photosynthesis. The gas exchange system was equipped with an infrared gas analyser (UNOR, Maihak, Hamburg, Germany) and a humidity sensor (Vaisala HMP 125, Driesen and Kern, Tangstedt, Germany) . A gas stream of 70 1 h" 1 containing 35 Pa CO 2 , 21 kPa O 2 and balance N 2 was provided continuously by a mass flow control system. This system was equipped with distinct controllers (Tylan 260, Tylan, Eching, Germany) for CO 2 , O 2 and N 2 , respectively. The humidity of the gas stream was maintained constant at 70% relative humidity (measurements at 23 °C) by means of a humidifying-condensing system installed between the mass flow control system and the thermostated leaf cuvette. The leaf temperature was measured with a Cu-constantan thermocouple on the underside of the leaf. Actinic light (Osram Xenophot HXL, 15 V, 150 W) with either a low (90,unol photons m ~2 s"'), a moderate (400 /xmol photons m ~2 s"') or a high (850 ^mol photons m~2 s" 1 ) photon flux density as measured with a quantum sensor (Li-Cor, Lincoln, NE, USA) was applied from the upper side of the leaf. The rates of net CO 2 uptake (P N ) and transpiration (T) were calculated according to the equations given by Wong et al. (1978) .
Chlorophyll fluorescence analysis
Chlorophyll fluorescence parameters were recorded with a pulse amplitude modulation fluorometer (Walz, Efleltrich, Germany) according to Schreiber et al. (1986) . The minimal fluorescence at full oxidation of Q A (F o ) was measured by exposing dark-adapted (60 min) leaves to a weak (0.1 ^mol photons m 2 s ') modulated measuring beam. Maximum fluorescence (/•") was determined by the application of a flash (700 ms) of light with a very high fluence rate (4500funol photons m~2 s" 1 ; Schott KL 1500 projector; Walz). The light pulses were transferred by fibre optics to the leaf with an angle of 45°to the upper side. Variable fluorescence (F v ) was monitored following the onset of illumination with actinic light. The maximal fluorescence yield induced by a short saturating light flash during the exposure of the leaf to actinic light (F' m ) , was recorded at steady-state photosynthesis by exposing the leaf to pulses of saturating light every 20 s during the measurement. The fluorescence yield obtained in the leaf when exposed to actinic light following maximal oxidation of the reaction centers of photosystem II (F' o ) was measured by application of saturating far-red light immediately after the actinic light had been switched off. The coefficients of both photochemical fluorescence quenching (q p ) and non-photochemical fluorescence quenching (q N ) were calculated according to van Kooten and Snel (1990) .
Measurement of
18 O 2 uptake and gross 1°O 2 evolution by attached leaves A closed gas exchange system (Biehler and Fock, 1995) connected to a mass spectrometer was used to simultaneously measure the evolution of 16 O 2 and the uptake of 18 O 2 by attached leaves at steady-state photosynthesis. A gas mixture containing 21 kPa 18 O 2 , 69 kPa N 2) 10 kPa Ar, and 35 Pa CO 2 was circulated over the leaf segment enclosed in a thermostated aluminum cuvette by means of a Metal Belows gas pump (Type MB-21 E, Metal Belows Corp., Sharon, MA, USA). To obtain the gas mixture, the closed gas exchange system (volume: 54 ml) was flushed with N 2 followed by injection of 10 ml 18 O 2 (Linde AG, Bielefeld, Germany) and 10 ml Ar. The humidity in the system was maintained at 70% relative humidity (23 °C) throughout the measurements by means of a temperaturecontrolled condensor trap. The concentrations of 18 O 2 , 16 O 2 , Ar, and CO 2 were continuously measured with a quadrupole mass spectrometer (Finnigan 3200 E, Sunnyvale, CA, USA). The gas flux into the ion source of the mass spectrometer was regulated by a Whitey valve (Type SS-21-R 56 MM, Whitey, Highland Heights, OH, USA). Any decrease in the concentration of Ar would have indicated the appearance of a gas leack during the measurements. The CO 2 partial pressure in the closed gas exchange system was maintained at 35 Pa during illumination by injecting CO 2 at a rate identical to the rate of net CO 2 uptake of the enclosed leaf. The rates of 18 O 2 uptake (U o ) and I6 O 2 evolution (E o ) were calculated according to the equations given by Radmer and Olhnger (1980) .
Tissue processing for electron microscopic inspection
Leaf specimens were prepared for electron microscopy by fixation for 60 min in 50 mM sodium phosphate buffer (pH 7.2) containing 2.5% (v/v) glutaraldehyde, and post-fixation for 120 min in 50 mM sodium phosphate buffer (pH 7.2) supplemented with 2% (v/v) osmium tetroxide. After fixation, the leaf sections were washed with 50 mM sodium phosphate buffer (pH 7.2), dehydrated through a graded acetone/water series and embedded in TRANSMIT EM resin (TAAB). For electron microscopy, ultrathin sections (silver-grey interference colours) were cut with a diamond knife on a Reichert Ultracut ultra-microtome and collected on uncoated copper grids (200 mesh). After staining for 15 s with 5% (w/v) K.MnO 4 and for 30 s with 2% (w/v) lead citrate, the leaf specimens were examined with a Hitachi H 500 electron microscope at 75 kV.
Determination of chlorophyll
Chlorophyll was extracted from leaf samples with acetone (80%, v/v). The optical density of the pigment extract was measured at 663 nm and at 645 nm, respectively. The chlorophyll content was then calculated according to the equations given by McKinney (1949) .
Results
The phenotype of the phytochrome-deficient tomato aurea mutant
The total chlorophyll content of the yellow-green leaves of the tomato aurea mutant plants (HOmg m~2) was about 60% lower than the total chlorophyll content of the dark-green leaves of the isogenic wild type (390 mg m~2). The difference seen in the total chlorophyll content between leaves of the wild type and leaves of the aurea mutant of tomato is similar to that originally reported by Koornneef et al. (1985) . In both wild-type and aurea mutant leaves, the amount of chlorophyll per unit of leaf area remained fairly unchanged during water stress.
infrastructure of the chloroplasts of the leaves of the tomato aurea mutant
The chloroplasts of leaves of wild-type tomato plants exhibit the usual organization of grana expected in the chloroplasts of higher plants (Fig. 1A) . No modification of the chloroplast integrity results from the au mutation (Fig. IB) . Both stroma and grana thylakoids are present in the aurea mutant chloroplasts (Fig. IB) . However, the morphology of both the stroma and the grana thylakoids in the aurea mutant chloroplasts (Fig. IB) is different from that seen in wild-type chloroplasts (Fig. 1A) . These results are in part at variance with previous observations indicating the absence of grana thylakoids in the chloroplasts of the aurea mutant (Koornneef et al., 1985) . The plants analysed in this study were older than those originally examined by Koorneef et al. (1985) . Therefore, it appears that the au mutation results in a retardation of chloroplast development and that the impact of the au mutation becomes attenuated with increasing age of the mutant plants.
The rate of net CO 2 uptake (P N ) in relation to the leaf water potential
At all photon fluence rates applied in this study, the rate of net CO 2 uptake in air by leaves of the aurea mutant was similar to the rate of net photosynthesis of leaves of the wild type (Fig. 2) . Close to maximum P N is reached by both wild-type and aurea leaves at a fluence rate of 850 M mol irT 2 s" 1 (Becker et al, 1992) . The letters indicate the cell wall (cw), the chloroplast membrane (cm), grana thylakoids (gt), osmiophilic globules (og), the plasma membrane (pm) or stroma thylakoids (st).
decreased relatively slowly (c. 0.1 MPa day '). The fresh weight of tomato leaves dropped from the initial value of 181 g m~2 to 145 g m~2 at severe water stress (I/I = -1.7 MPa).
The decrease in the leaf water potential was correlated with a strong decline in both the rate of net CO 2 uptake (Fig. 2) and the rate of transpiration (Fig. 3) . At severe water stress (I/I= -1.7 MPa), F N by the leaves of the wildtype was about 80% lower than at normal leaf water potential (0=-0.4 MPa) (Fig. 2) .Wild-type and aurea mutant leaves responded with a similar decline in P N when weak water stress (</i= -0.9 MPa) was applied (Fig. 2) . However, at moderate water stress (0 = -1.2 MPa) and high fluence rate, P N of aurea mutant leaves was lower than /> N of wild-type leaves (Fig. 2) .
In a control experiment designed to check whether or not the effect of water stress on the rate of net CO 2 uptake is reversible, P N was measured following the irrigation of severely water-stressed (tp = -1.8 MPa) tomato wild-type or aurea mutant plants. The rate of net CO 2 uptake determined 24 h after severely water-stressed plants (0= -1.8 MPa) had been irrigated to soil capacity was similar to that exhibited by leaves of the corresponding control plants (data not shown). This result demonstrates that in this experiment severe, but fully reversible, water stress was induced in the leaves of both tomato and the aurea mutant of tomato. Therefore, it is considered that the gradual dehydration of the leaves achieved in this experiment may resemble natural drying conditions. Consequently, the observed repercussions of water 
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Light energy dissipation in water-stressed tomato leaves 1443 stress on the photosynthetic performance of the wild-type or of the aurea mutant are very likely physiologically significant.
The rate of gross oxygen evolution (EJ in relation to the leaf water potential
Irrespective of the photon fluence rate, E o by leaves of the wild-type was higher than E o by leaves of the aurea mutant (Fig. 4) . In particular, at high photon fluence rate (850/xmol m" 2 s" 1 ), E o by leaves of the wild type was c. 25% higher than E o by leaves of the aurea mutant (Fig. 4A) . The difference in E o between leaves of the wild-type and leaves of the aurea mutant was about 18% at moderate photon fluence rate (400/xmol m~2 s" 1 ), and c. 12% at low photon fluence rate (90 /xmol m~2 s" 1 ) (Fig. 4B, C, respectively) . It was noted that maximum E o by leaves of the aurea mutant seemed to be reached at moderate photon fluence rate (Fig. 4B) .
In the wild type, E o remained fairly unaffected by the decrease in the leaf water potential during water stress (Fig. 4) . Relatively high rates of gross O 2 evolution were also maintained in leaves of the aurea mutant during drought (Fig. 4) . The rate of gross oxygen evolution by severely water-stressed (i/r= -1.7 MPa) leaves of the aurea mutant was c. 30% lower than E o by leaves of wellwatered ((/<= -0.4 MPa) aurea mutant plants when the photon fluence rate was high (850/xmol m~2 s" 1 ) (Fig. 4A) or moderate (400 /xmol m" 2 s" 1 ) (Fig. 4B ).
The rate of O 2 uptake in the light (U o ) in relation to the leaf water potential
The rate of gross oxygen uptake by leaves of the aurea mutant was similar to that by leaves of the wild-type at low photon fluence rate (90/xmol m~2 s" 1 ) (Fig. 5C ), but about 25% lower when compared to that of wild-type leaves at moderate photon fluence rate (400/xmol m~2 s" 1 ) (Fig. 5B) . At high photon fluence rate (850/xmol m~2 s" 1 ), U o by leaves of the wild type was only approximately 12% higher than U o by leaves of the aurea mutant (Fig. 5A) .
The rate of oxygen uptake by illuminated leaves of the wild type significantly increased during drought when the photon fluence rate was high (850/xmol m" 2 s" 1 ) (Fig. 5A) . At severe water stress (</(= -1.5 MPa) and high photon fluence rate, t/ 0 by leaves of the wild type was about 20% higher than at normal leaf water potential 
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(</<= -0.4 MPa) and high photon fluence rate (Fig. 5A) . The rate of oxygen uptake in the light remained more or less unaffected by the decline in the leaf water potential when the photon fluence rate was moderate (400 m" 2 s" 1 ) (Fig. 5B ) or low (90^mol m' 2 s" 1 ) (Fig. 5C ). During water stress, U o by leaves of the aurea mutant remained fairly unchanged (Fig. 5) .
Chlorophyll fluorescence analysis
Both the coefficient of photochemical fluorescence quenching (q p ) reflecting the redox status of the primary electron acceptor of photosystem II (Q A ; Krause and Weis, 1991) (Fig. 6) , and the coefficient of nonphotochemical fluorescence quenching reflecting the portion of total excitation energy that is dissipated nonphotochemically, e.g. as heat (q s ; Krause and Weis, 1991) (Fig. 7) were very similar in water-replete wild-type and aurea mutant leaves. The expected increase in q N and decrease in q p as irradiance increased (Fig. 6 and Fig. 7 , respectively) was observed.
At high (850 ^.mol m" 2 s~') or moderate (400 ^mol m~2 s~') photon fluence rate, water stress was correlated with a decrease in photochemical fluorescence quenching in both the wild type and the aurea mutant of tomato (Fig. 6A, B, respectively) . Under the same conditions, an increase in non-photochemical fluorescence quenching was observed in wild-type and in aurea mutant leaves (Fig. 7A, B, respectively) .
Discussion
Survival of plants during prolonged periods of drought requires both the restriction of water loss due to transpiration and the prevention of photoinhibition (BjQrkman and Powles, 1984) . The potentially photoprotective responses by leaves of water-stressed tomato wild-type and aurea mutant plants have been comparatively analysed.
Tomato leaves responded to water stress with stomatal closure. Thus, a reduction in the rate of water loss due to transpiration was achieved (Fig. 3) . The decline in /> N seen during water stress (Fig. 2 ) may directly result from stomatal closure and a subsequent decrease in the CO 2 partial pressure in both the intercellular spaces and the chloroplasts (Tourneux and Peltier, 1995) . However, P N has been shown to decrease during water stress when the ambient CO 2 partial pressure was high enough to over- 
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Light energy dissipation in water-stressed tomato leaves 1445 come any possible limitation of CO 2 diffusion due to stomatal closure (Ben et al., 1987; Comic et al., 1992) . In addition, a decrease in P N during water stress has also been observed when the epidermis had been removed (Schwab et al., 1989) . Therefore, the decline in P N seen during water stress appears to be not exclusively due to stomatal closure. In illuminated leaves, the rate of gross oxygen evolution can be taken as a measure of the rate of non-cyclic electron transport (Biehler and Fock, 1995) . The result that oxygen evolution remained almost unaffected by drought (Fig. 4) , therefore, indicates that the photochemical processes in leaves are highly resistant to water stress. Consequently, the restricted availability of CO 2 as a terminal electron acceptor in water-stressed leaves (Fig. 2) may potentially result in the detrimental accumulation of reducing equivalents.
As well as a reduction in the rate of net CO 2 uptake (Fig. 2) , tomato leaves responded to drought with an increase in the rate of gross oxygen uptake when the photon fluence rate was high (Fig. 5) . A similar response to water stress has previously been observed in potato leaf discs (Toumeux and Peltier, 1995) or in attached wheat leaves (Biehler and Fock, 1996) . The rate of oxygen reduction increases during water stress despite a concomitant increase in the ratio between the CO 2 partial pressure in the intercellular spaces and the ambient CO 2 partial pressure (Cornic and Briantais, 1991) . This reported result may argue against the possibility that the increase in the rate of oxygen reduction during water stress is simply a consequence of a modulation of the ratio COz/Oj in the chloroplasts following stomatal closure (Tourneux and Peltier, 1995) . Therefore, it is likely that the increase in gross oxygen uptake observed in this study (Fig. 5) represents a specific response to drought.
The increase in the rate of gross oxygen uptake during water stress (Fig. 5) can be considered as an attempt of the photosynthetic apparatus to replace, at least in part, CO 2 as the terminal electron acceptor and thus to maintain photosynthetic electron transport (Smirnoff, 1993) . Oxygen-dependent photorespiration has previously been regarded as a major potentially oxygen consuming reaction in water-stressed leaves (Stuhlfauth et al., 1990) . However, at least in attached leaves of wheat, the rate of photorespiration decreases during water stress (Biehler and Fock, 1996) . Alternatively, the Mehler-peroxidase reaction which involves pseudocyclic electron transport via photosystem I to oxygen followed by H 2 O 2 scavenging (Schreiber and Neubauer, 1990 ) may preferentially contribute to the increase in the rate of oxygen reduction seen in water-stressed leaves (Biehler and Fock, 1996) . Chlororespiration or mitochondrial respiration seem to have, if any, only a minor role in the reduction of O 2 in illuminated, drought-stressed leaves, as their respective rates are very small (Peltier et ai, 1987) . Particularly under water stress conditions, the sum of the CO 2 and O 2 consumption rates is not numerically equal to the oxygen evolution rate. This result indicates a substantial contribution of electron sinks other than oxygen to photoprotection in water-stressed leaves. The nature of such alternative electron sinks is not known. One possibility is that in water-stressed leaves, reduction equivalents may be partially shuttled out of the chloroplasts via the malate oxaloacetate translocator (Biehler et al, 1995) .
The tomato aurea mutant plants showed the expected phenotype including yellow-green leaves and elongated internodes (data not shown). Although the molecular basis of the au mutation is not known (Sharrock et al., 1988) , it is clear that the au mutation exerts a pleiotropic effect on chloroplast development as seen by the differences in the ultrastructure between wild-type and aurea chloroplasts (Fig. 1) . Nevertheless, despite the altered ultrastructure of the chloroplasts (Fig. 1) and the strong reduction of the chlorophyll abundance, the maximum rate of net CO 2 uptake by leaves of the aurea mutant is similar to that by leaves of the wild type (Fig. 2) . However, less oxygen is produced during photosynthesis by the leaves of the aurea mutant than by the leaves of the wild type (Fig. 4) . This result suggests a reduced rate of non-cyclic photosynthetic electron transport in aurea mutant leaves.
One possibility to explain the reduced rate of photosynthetic electron flow in aurea mutant leaves is, that the au mutation resulted in damage or loss of efficiency of the photosynthetic electron transport chain. Such a possibility is indicated by the pronounced changes in the ultrastructure of aurea chloroplasts (Fig. 1) . However, photochemical fluorescence quenching in the leaves of the tomato aurea mutant is similar to that in leaves of the wild type (Fig. 6 ). This result may mean that at least the redox-status of Q K is unaffected by the au mutation.
The reduced rate of non-cyclic electron flow in aurea mutant leaves may alternatively be explained as a 
Light energy dissipation in water-stressed tomato leaves 1447 consequence of a reduced absorption of radiant energy. This presumption is supported by our observation that 35% more of the incoming irradiance is reflected by the yellow-green leaves of the aurea mutant than by the darkgreen leaves of the wild type. The rate of photosynthetic electron flow in aurea leaves is smaller than in wild-type leaves (from Fig. 4) , while P n by aurea leaves is similar to P N by wild-type leaves (Fig. 2) . These results suggest that aurea leaves utilize a relatively larger portion of the available photosynthetically liberated electrons for CO 2 reduction than wildtype leaves. Since high rates of photosynthetic electron flow are maintained in both plants during water stress (Fig. 4) , while the respective rates of P N similarly decline (Fig. 2) , the potential for a build-up of surplus reducing equivalents (i.e. reducing equivalents which cannot be consumed in CO 2 assimilation because P N is diminished during drought) in aurea mutant leaves should be smaller than in wild-type leaves. A reduced potential for a buildup of reducing equivalents in aurea leaves would explain a major difference in the response to drought between wildtype and aurea mutant leaves: The rate of O 2 reduction by leaves of the aurea mutant remained unaffected by water stress at high photon fluence rate (Fig. 5) , while under identical conditions, there was a significant increase in the rate of O 2 reduction by the leaves of the wild type (Fig. 5) , presumeably to maintain photosynthetic electron transport.
To summarize, it has been shown that, in agreement with other studies (Tourneux and Peltier, 1995; Biehler and Fock, 1996) in water-stressed leaves, CO 2 reduction is partially replaced by O 2 reduction. These data indicate, however, that in wild-type tomato leaves, this (presumed) photoprotective reaction is only activated when drought is correlated with a high rate of photosynthetic electron transport. Under identical conditions, a photoprotective response involving an increase in the rate of oxygen reduction is not triggered in the leaves of the aurea mutant of tomato (where the rate of photosynthetic electron flow is lower and the fraction of the photosynthetic electrons that is used in CO 2 assimilation is larger than in wildtype leaves). It is concluded from these results that the mechanism underlying the activation of oxygendependent photoprotection may respond to an increase in the difference betweeen the rate of photosynthetic electron transport and the rate of electron consumption above a certain threshhold level. In natural ecosystems, this situation may occur if drought is correlated with a high fluence rate.
Non-photochemical fluorescence quenching increased during water stress when the fluence rate was moderate or low (Fig. 7) . Although the significance of the calculated coeffcient of non-photochemical fluoresecence quenching should not be overstated, our result may suggest that at moderate or low fluence rate, water-stressed leaves dissipate surplus radiant energy, at least in part, as heat. Overall, these data, therefore, indicate that distinct light energy dissipation reactions may differentially be triggered in tomato leaves in response to water stress: At low or moderate fluence rate, surplus radiant energy may preferentially be dissipated as heat, while at high photon fluence rate, other mechanisms involving the direct or indirect use of oxygen as electron acceptor are activated to contribute to light energy dissipation.
